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FOREWORD

This report examines the effect of design variables in high rate Li/8S0Cl,

cells as part of the ongoing research program to determine causes of safety
hazards in high energy lithium batteries.

Funding for this work was provided by the NAVSEA High Energy Batteries for

Weapons Block Program.
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CHAPTER 1

INTRODUCTION

ne of the goals of the Navy's High Energy Batteries for Weapons Block
Program is to achieve a better understanding of safety hazards in high energy
lithium batteries. To attain this objective, a statistical survey was planned
to examine how various cell parameters (cell design, cell balance, catalysis,
moisture content, etc.) would affect performance and safety in Li/SOCly cells.
Five replicate tests were planned for each cell parameter during various modes
of testing including overdischarge, partial discharge and storage followed by

further dischargf:dffs)

——— R

The statistical aspect of the research was curtailed due to a shortage of

' available funding.

Tests were performed using spiral and disk design commercial C-size SOCl,
cells specially instrumented with a lithium reference electrode, a pressure
transducer and internal and external thermocouples. For the purpose of
comparing data, the surface areas of lithium and carbon and electrolyte volume
were maintained the same in both the spiral and disk cells. This led to a poor
disk cell design with suspected safety hazards. Consequently, tests on the disk
cells were discontinued and most of the tests were carried out on the spiral
cells.

ell performance, and individual electrode potentials, cell internal and
external temperatures, and pressure were measured during discharge and forced
over-discharge at different-rates at ambient and subambient temperatures. The
effect of partial discharge and storage on cell performance was assessed. At
various stages, the cell chemistry was compared using X-ray, gas chromatography,
IR and mass spectroscopy techniques. The effects of water, the presence of a
catalyst and lithium vs. cathode-limited cell balance were also examined.

The data have been summarized in two reports. This first report primarily
addresses the effect of test conditions and cell parameters on performance and
chemistry. The second report will discuss the effect of the catalyst,
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CHAPTER 2

EXPERIMENTAL

CELL CONSTRUCTION

All cells were constructed by Hellesens Battery Engineering. A schematic
diagram of the instrumented cells is shown in Figure 1. The C-size cells
contained a vent mechanism, consisting of a 3 mil nickel membrane backed by a
puncture spike, designed to vent between 275 and 300 psig. A stainless steel
threaded bushing fitted with a removable plug was incorporated into the cell
top. This allowed electrolyte sampling and the installation of a pressure
transducer in a controlled atmosphere glove box. Miniature pressure transducers
from Precise Sensors Inc., Monroe Ca., capable of measuring 0 to 500 psig were
used to monitor the quick changes in pressure in such a small volume. The
internal thermocouple was iron-constantan with a 304 stainless steel sheath of
0.010" diameter placed in a closed tube at the center of the cell (Figure 1).
This 0.020" I.D. - 0.040" 0.D. tube isolated the thermocouple from the
electrolyte but it permitted rapid response to internal temperature changes. A
small piece of lithium was attached to the outside of the tube to serve as a
reference electrode. An additional thermocouple was placed outside the cell and
held in place at the middle of the cell height by the heat shrinkable cell
jacket. All other components of the cell construction and assembly had
conventional characteristics of commercial cells.

The specifications of the cells are summarized in Table 1. The spiral
wound cells had flat sheet lithium electrodes on a nickel grid placed between
the separators and wound tightly into the cylindrical can. The carbon cathode
was connected to the solid feedthrough while the lithium anode was connected to
the cell can. The disk cells were essentially similar to the early Li -

V205 cells.l The cathode disks, smaller in diameter than the internal

diameter of the can, were fitted onto a central tubular post, while the anodes
would fit tightly into the can. The round separator between each anode and
cathode fit tightly against both the can wall and the central post. The
component weights and surface areas of electrodes used in the disk cells were
maintained as close as possible with those of the spirally wound cells. All the
cells contained 1.8M LiAlCl, in SOClj.

The effect that water might have on the performance, safety or chemistry of
SO0Cl; cells was examined by constructing "dry" and "wet" cells. The "dry"
cells contained ~50 ppm water in contrast to the ~500 ppm water present in the
"wet" cells. Dry electrolyte, containing less than 10 ppm of water, was used
for all cells. The "wet" electrolyte was prepared from this dry electrolyte by
carefully adding water in a controlled manner. The additional water content of
the cell comes from water absorbed on the carbon and separator material.
Proprietary drying techniques are reported to limit this water to approximately

2
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TABLE 1. SPECIFICATIONS OF (DRY OR WET) Li/SOCl, CELLS

Spiral Design .

Lithium Limited Cathode Limited
Li C Li C
Length (in.) 14.75 13 11.5 10
Width (in.) 1.5 1.5 1.5 1.5
Thickness (in.) .009 + .001 .025 + .003 .023 + 001 .025 + .003
Wt. (g)-Uncatalyzed 1.1 + .15 4.3 + .5 2.4 + .2 3.3+.5
Electrolyte Wt (g) 24,5 -- 25 19.5 - 20
*Void Volullle (lll].-) 1.5 bt 1-8 1.5 e loPl
Disk Design
Lithium Limited Cathode Limited
Li c Li c
Diameter (in.) 1.0 .875 1.0 .875
Width of Hole (in.) 312 . 250 312 «250
Thickness (in.) .006 .025 .020 .025
Yt. (g)-Uncatalyzed 1.1 + .15 4.5 + .25 2.7 + .15 2.85 + .25
Wt. (g)-Catalyzed 1.1 + .15 4.5 + .25 2,7 + .15 2.85 + .25
Electrolyte Wt (g) 22 -- 23 18.5 -- 19.5
*Void Volume (ml.) 1 -- 1.5 1 - 1.5 -
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40 ppm, expressed gravimetrically. The water content of the cells was measured
by removing electrolyte samples from cells stored one week. The hydrolysis
products present were analyzed using infrared spectroscopy and quantitatively
measured against IR calibration curves prepared from samples of the dry
electrolyte containing known amounts of water.

The cell tests were carried out in a hermetically sealed chamber as shown
in Figure 2. The chamber, fitted with an O-ring seal cover and four compression
springs, was designed to vent if the internal pressure of the chamber exceeded
50 psig. A stainless steel capillary tubing with ~0.5cc of void volume connects
the pressure transducer located on the outside of the chamber to the cell inside.

Omega Engineering thermocouple connectors were used to connect the
thermocouples from the cell to the stainless steel sheathed thermocouple wires.
The sheathed wires were sealed with a compression fitting in the test chamber
wall.
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Y CHAPTER 3
RESULTS
+
3
3 BASELINE STUDY
Y . . . ..
4 A baseline study was carried out using two types of cathode limited cells
to arrive at the optimum current density for testing. The cells were forced
) discharged and overdischarged to >150 percent of their capacities. The test
M data are shown in Table 2.

The type Cx cathode-limited cell contained a 26.7 cm x 3.8 cm x 0.08 cm
lithium electrode weighing 3.90 g (15.1 Ah) with a total surface area of 203
cm?. The carbon (2.90 g) cathode was 22.9 ¢m x 3.8 cm x 0.06 cm for a total
surface area of 174 cm?. The cells contained 18 g of 1.8 M LiAlCl, in
S0Cl5 (6.5 Ah).

d

Pl o s

The type C, cathode limited cell specifications are listed in Table 1.
The lithium electrode had 9.3 Ah cagacity and a total surface area of 222
"cm?. The carbon cathode had 193 cm? total surface area. These cells
contained 19.5 g of 1.8M LiAlCl, in SOCly (7.04 Ah).

o &
-t

o i

N
XN Low Rate Discharge (25°C)
R Both C, and type cells were discharged and overdischarged at 200 mA
d current ( lmA/cm2). They exhibited similar discharge behavior as illustrated
. in Figure 3. After overdischarge each cell was analyzed. Gas phase IR analysis
» revealed only SOCl, and SO; present. There was no visual evidence of Li
. being plated onto the carbon.
- Moderate Rate Discharge (25°C)
y Cell C,~2, discharged at 5.2 mA/cmz, experiences an increased anode
3 - polarization at the higher current as shown in Figure 4.
o
. High Rate Discharge (25°C)
§ The discharge curve for cell Cy-2 discharged at 11.5 mA/cm? is shown in
% Figure 5. The internal cell temperature reached 45°C during discharge and
h increased to 110°C after 30 minutes into overdischarge.
-
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: TABLE 2. PERFORMANCE IN BASELINE STUDY OF CATHODE-LIMITED CELLS
Current

, Cell Discharge Densltg Capacity to
N Number Current, A (mA/cm?) 0.0V, A-hr Results
W
N Cy-1 0.2 1.0 4.3 Cathode~limited, no hazards.
3 Cx-1 0.2 1.1 4.3 Cathode-limited, no hazards.
.
] Cy-2 1.0 5.2 3.0 Cathode-limited, no hazards.
i Cyx—2 2.0 11.5 2.0 Cathode-limited, no hazards.
! Cy-3 2.0l 10.4 3.8 Cathode-limited. Cell vented
. during overdischarge.
. 2

Cy-4 2.0 10.4 3.1 Cathode-limited. Cell vented

during overdischarge.

; Cx-3 2.0 11.5 1.73 Anode-limited, no hazards.

Ipye to power'supply malfunction, current was not constant throughout discharge.

} Actual capacity was more like Cell Cy-4.
2Cell contained 500 ppm of water, i.e., wet cell.

3cel1 discharged at -13°C.
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Cell 0393, discharged at 10.4 mA/cm? reached 60°C during discharge and
rose to 145°C during the first 30 minutes of reversal. Although the cell
vented, it was not clear when the venting occurred. The data are shown in
Figure 6.

Cell C,-4, containing 500 ppm water, was also discharged at the 2.0 amp
rate (10.4 mA/cm?) into reversal.

Gas samples from both Cy-3 ("dry") and Cy-b ("wet") were compared using
IR analysis and are shown in  Figures 7 and 8, respectively. In addition to
S0Cl; and SO7 both show HCl present as evidenced b{ the multiple peaks from
2700 to 3000 cm~l. The peaks at 2040 and 2060 cm™! resemble COS. The "wet"
cel} showed enhancement of the baad at 550 cm™ * and a band now appears at 670
cm © with a shoulder near 685 cm *. Recent IR studies on the solution of
flooded SOCl; cells showed somewhat similar bands appearing at 694 cm™
during discharge and 665 em™1 during reversal. The 694 cm~} band was
attributed to the presence of water and was,observed to decrease after discharge
while the 665 cm~! band increased upon reversal.

High Rate Discharge (-15°C)

Figure 9 shows the voltage-temperature data for cell C,-3 discharged into
reversal at a 2.0 amp rate at -15°C. No venting occurred.

DISCUSSION
Type Cy cathode-limited cells were selected for further testing.

Analysis of the discharge data for type Cx cathode-limited cells
occasionally showed considerable anode polarizations as illustrated in Figure
9. 1In fact, the end of cell life of cell Cx~3 can be considered anode-limited
at 2.0 A (11.5 ma/cn?) at -15°C. The decrease in cell potentials towards end
of life of this cell is associated with a positive polarization of the Li
electrode. The cathode shows negative polarizations soon after the polarization
in the anode potentials. The lithium electrode was anodically polarized,
presumably initiated by a nonhomogeneous current distribution towards the end of
discharge and/or a concentration polarization due to crystals forming on the
surface of the lithium. This phenomenon is somewhat similar to the "voltage
delay" due to film passivation but in this case it appears to be triggered
anodically due to high current densities and/or low temperature environments.

This phenomenon may have an important bearing on the safety hazards of
Li/S0C1ly cells. It has been shown that cathode or Li-limited cells that have
lithium remaining (anode limgted) at the end of cell life may be hazardous
during forced overdischarge.” 1In actuality, we now know .that at high current
densities, especially at low temperatures, both cathode and Li-limited cells can
undergo anodic passivation and become anode limited, i.e., a Li/S0Cl; cell may
become anode limited despite the presence of significant amounts of Li on the
anode.
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DISCHARGE AND OVERDISCHARGE OF LITHIUM-LIMITED CELLS

The Li-limited cells were discharged at 1.0, 2.0 and 3.0 amp rates,
corresponding to 4, 8 and 12 mA/cm? in order to determine the optimal high

current density for use in this study. The cell performance is shown in Table 3.

The cell discharged at 1.0 amp (Figure 10) showed no significant change in
temperature (maximum 44°C) or pressure during overdischarge. The performance of
the cell discharged at 2.0 amp is shown in Figure ll. The end of discharge was
caused by anode limitation. After the test, the cell was disassembled. There
was no lithium remaining on the anode grid. Cell A-3, discharged at the 3.0 amp
rate apparently became cathode limited at this higher current. The discharge
curve is shown in Figure 12. After three hours in overdischarge, the
temperature showed a sharp increase. The cell vented. The pressure plot showed

only a modest increase before dropping off. The reaction apparently happened
too fast to record.

The IR spectrum of the gases vented from cell A-3 is shown in Figure 13.
The spectrum shows HCl, SO; and S0Cl;. There are also strong absorptions
due to other materials. The doublet at 2060 and 2080 cm~! is COS. The
doublet at 1530 and 1545 cm~l is that of CSy.

Dry Cells

Dry cells, containing 50 ppm water labeled A-D, were discharged and
over-discharged at currents of 0.2A and 2.0A at 20°C and -12°C. The performance
data are tabulated in Table 4. The cells discharged at 20°C showed only modest
increases in temperature and pressure. Typical data at 2.0A is illustrated for
cell A-D-8 in Figure 14. The cells discharged at -12°C were still Li-limited
and yielded the same capacity at the 2.0A rate (Figure 15) as that obtained at
room temperature. The mid-discharge voltage was slightly lower and typically
showed a substantial temperature increase at the end of discharge, accompanied
by a slight increase in pressure. It should be noted that the thermocouple
response at -12°C was poor resulting in an inaccurate pressure reading at this
temperature.

Chemical analysis of the cells tested at 20°C and -12°C at 2.0A gave
similar results. IR analysis of the gases showed only S0Cl; and 803. IR
analysis of the cathode showed no absorptions. Spot tests on the cathode for
sulfur-oxy compounds were negative.

Since anode polarizations to positive potentials may lead to oxidation
processes producing chlorine, gases from cells A-D-11 and A-D-12 were tested for
chlorine by passing them through a dry ice-acetone trap to first remove SOCl)
and then collected in a liquid nitrogen trap. The gases were then bubbled

through a starch and KI golution. Both tests were negative.

A small amount of salt was extracted from the electrolyte of cell A-D-1ll.
It was recrystallized and a KBr pellet was made for IR analysis. The spectrum
is shown in Figure 16. Water bands appear at 3400 and 1650 cm™! due to

absorption by the L1A1C14. The broad bands at 3050, 2400, 830 and 495 cm™1
can be assigned to L1A1014. Four unidentified peaks at 970, 1070, 1200 and

1330 co™! are present in the spectrum where many sulfur-oxy compounds absorb.
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W TABLE 3. PERFORMANCE IN BASELINE STUDY OF LITHIUM-LIMITED CELLS

> Current
Y Cell Discharge Denai:g* Capacity to
~ Number Current, A (mA/cm?) 0.0V, A-hr Results

.
PN

A-1 1.0 5.2 3.3 Cell Li-limited, showed no
hazard on forced over-
discharge.

“" % s ’e
022525 2"

A-2 2.0 10.4 3.0 Cell Li-limited, showed no
hazard on forced over-
discharge. ’

A-3 3.0 15.6 3.2 Cathode-limited, cell vented
on forced overdischarge.

I o 8 7
. 'l' ‘u. * :n‘ '\. A

0

*Current density based on cathodes from previous lithium-limited cells.

A .':;\'_'; LS .
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)
' TABLE 4. PERFORMANCE OF LITHIUM-LIMITED DRY CELLS
Discharge Capacity to
Cell* Current Temperature 0.0V
E Number (4) (°c) (Ah)
) A-D-4 2.0 20 3.00
A-D-5 2.0 20 2.85
A-D-6 2.0 20 1.29
' A-D-7 2 . 0 20 3 - OS
2 A-D-8 2.0 20 2.90
A-D-9 0.2 20 3.00
A-D-10 2.0 -12 2.81
A-D-12 2.0 -12 2.90
\
;. *Cells showed no hazardous behavior. Cell A-D-6 showed very low capacity. Cell
N A-D-11 exhibited no polarization of the anode.
N
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Wet Cells

Li-limited wet cells, labelled A-W, were discharged at 0.2 and 2.0A rates
at 20°C and -12°C. The performance data are summarized in Table 5. The
discharge curve for cell A-W-18 is shown in Figure 17. The IR spectrum of the
gases produced from cell A-W-18 is shown in Figure 18. The multiple peaks at
2900 cm * are due to HCl. An IR spectrum of solids extracted from cell A-W-15
revealed the same peaks present in Figure 16.

Typical performance data of cells discharged at 2.0A at -12°C are
illustrated by cell A-W-21 in Figure 19, The internal temperature reached 56°C
while the external temperature reached 35°C. Figure 20 shows the IR spectrum of
the gases from cell A-W-21. Only SOCl; and S0O7 are present with no HCI.

DISCUSSION

The Li-limited wet cells generally showed lower capacity than the
corresponding dry cells. Low temperature discharging appeared to have a greater
effect on the performance of the wet cells. A greater percent temperature rise
occurs at the end of discharge in the low temperature cells. Though anodic
potentials reached voltages capable of forming chlorine, no chlorine gas could
be isolated. It is possible that the Cl; generated may be reduced at the
carbon cathode, or it may combine with S0, to form S0,Cly with little of
it accumulating in the cell. Chlorine exhibits substantial solubility in
S0C1l7/LiAlCl, and this solubility may be another reason for no Clj in the
gas phase. Soluble solids extracted from the electrolyte for IR analysis
indicate S-0 bonded reaction products. Presumably, as the SOCl; is reduced
solvates of LiAlCl,.xSOCly and LiAlCl,.ySO, form. The broad bands

2 LT A TR S EC OV DA A Y Y R

B ed
P

: observed near 2400, 1330, 1200, 970, 830 and 49 el agree well with the
X 2394, 1330, 1162-1223, 966-974, 825 and 498 cm ~ bands found in the IR spectra
A of LiAlC14.250Cl; and LiAlCl14.3507 previously teported.“ The absorptions
\ observed at 1330 and 1070 cm ! may be due to Li*[809, S0,Cl13]

AlClZl.2 The formation of this latter compound could account for the lack
” of free Cl; in the gas phase of the cells.
<
4
3 UNCATALYZED CATHODE-LIMITED CELLS
4
- Dry Cells at 20°C

Table 6 summarizes the performance data for cathode limited dry Li/SOCl;

N cells, labeled C-D, discharged at 0.2A and 2.0A at 20 C. Although substantially
high temperatures and pressures were reached during the tests, none of the cells
vented. Cell C-D~9 was discharged without a pressure transducer to determine if
it changed the cell behavior. This cell also did not vent. A few cells which
had the internal thermocouple placed in the cell so that it was not residing in

. the middle of the cell but closer to the top of the can recorded a higher

. temperature maximum from the external thermocouple. Typical performance data

> for cells discharged at 0.2A and 2.0A are shown in Figures 21 and 22,

' respectively.
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TABLE 5. PERFORMANCE OF LITHIUM-LIMITED WET CELLS

Discharge Capacity to
Cell* Current Temperature 0.0V
Number (A) (°c) (Ah)
A-W-14 2.0 20 2,51
A-W-15 2.0 20 2.80
A-W-16 2.0 20 2.63
A-W-17 2.0 20 2.59
A-W-18 2.0 20 2.60
A-W-19 0.2 20 2,71
A-W-20 2.0 -12 2.40
A-w-21 2.0 =12 2.43
A-W-22 2.0 -12 2.29
A-wW-23 0.2 -12 2.74

*Cells showed no hazardous behavior.

anode.
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TABLE 6. PERFORMANCE OF CATHODE-LIMITED DRY CELLS AT 20°C

Discharge Current Capacity Max imum Maximum

Cell¥* Current Densit; to 0.0V TeTp. Presfure
Number (A) (mA/cm¢) (A~hr) (°c) (psig)
C-D-1 0.2 1.0 4,42 31 7
C-D-2 0.2 1.0 5.02 - 7
c-D-3 0.2 1.0 5.15 - 23
CcC-D-4 2.0 10.4 3.66 97 142

c-p-5 2.0 10.4 3.90 99 145

Cc-D-6 2.0 10.4 3.32 93 125

F C-D-7 2.0 10.4 3.72 121 146

g c-D-8 2.0 10.4 3.36 116 131

: c-D-9 2.0 10.4 3.24 89 -

d

. *Cells showed no hazardous behavior. The external temperature was higher in cells

. 4, 5 and 9. Cell 9 had no pressure transducer.
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Cell C-D-1 (0.2A) and cell C-D-8 (2.0A) vwere deliberately vented manually
at the end of the test and subjected to IR, GC and X-ray analysis. Both cells
had similar chemistries.

v.e
R

hiny
» .

Gas IR analysis showed SO; and §0Cl;. GC analysis indicated that COg
was also present,

2y

NN

v
onte

IR analfais of the solid salt extracted from the electrolyte revealed that -
the 1070 cm * peak previously observed in the IR spectra of salts extracted
from the Li-limited cell (Figure 16) now appeared as a broad band centered at
1100 cm~! with only a hint of the 1200 cm™ " peak now present as a weak
shoulder. The 1070 cm~! band was previously observed to shift to higher
wavenumbers (1077-1085 cm~!) upon overdischarging anode limited cells.

.l

=

An IR spectrum of the cathode showed only very weak absorptions which could
only be assigned to LiAlCl,. A portion of the cathode turned a deaerated
NH,OH-Naphthol yellow-S solution faint red, indicating the presence of a small
quantity of S204 2-,

A 1.5" x 1" gsection of cathode was immersed in water and it bubbled

vigorously. A flame held over the solution showed no reaction. The solution pH
was slightly acidic. There was no apparent evidence for plated lithium.

Dry Cells at =-12°C

Table 7 summarizes the performance data of the cathode limited dry cells
discharged at -12°C. Cell capacities were considerably lower at this
temperature, as were the pressure* increases at the end of discharge.
Passivation of the anode appears to have triggered end of cell life in some
cells. This is illustrated in Figure 23. Cell C-D-12 showed particularly poor
capacity and was analyzed. Chemical analysis gave the same results as the cells
discharged at 20°C with one exception. The solid extracted from this
electrolyte no longer exhibited the IR peaks at 970 and 1330 cm~l.

Wet Cells at 205C

A summary of the performance data for the cathode limited wet cells,
labelled C-W, discharged at 20°C is given in Table 8. The capacity, temperature
and pressure exhibited by the cells at the end of discharge are very similar to
the cathode limited dry cells. No cells exhibited hazardous behavior. Even
cell C-W-16 accidentally charged for 3.57 AHr before discharge, showed no
deleterious effects on subsequent discharge performance.

Cell C-W-20 was manually vented after 14 hours of overdischarge. The gas
IR spectrum showed only 807 and a trace of SOCl;. An IR spectrum_of the
salt extracted from the cell now showed peaks at 970 and 1330 cm~ 1,

*Pressure readings at -12°C may not be accurate due to poor pressure transducer
response.
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TABLE 7. PERFORMANCE OF CATHODE-LIMITED DRY CELLS AT -12°C
y Discharge Current Capacity Maximum Maximum
: Cell* Current Densit; to 0.0V Temp. Pressure
- Number (A) (mA/cm?) (A-hr) (°c) (psig)
N
T c-p-11 2.0 10.4 2.04 50 13
C-D-12 2.0 10.4 1.22 48 5
)
; C-D-14 2.0 10.4 - - -
) C-D-15 2.0 10.4 2.33 73 12
Y *Cells showed no hazardous behavior. Several cells experienced some anodic
passivation which appeared to limit cell capacity. Cell C-D-14 did not discharge.
y
)
“
b
4
4
.
)
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FIGURE 23. DISCHARGE DATA FOR CELL C-D-11 AT 2.0A AND -12°C

oL § !. s’ v‘.l .;;: -; ‘!o' A ';..:). ',s;.--.-,p-.‘~ :.‘_,- -5- : AT e e, ’f . .,- ~ v ol ST TS T ) \._-..\

Ayt R



RO SR W i L A : L E T e e gt e g B RN A1y g g e

NSWC TR 85-98

TR R d

TABLE 8. PERFORMANCE OF CATHODE-LIMITED WET CELLS AT 20°C
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Py Discharge Current Capacity Maximum Maximum

N Cell¥* Current Densit¥ to 0.0V Temp. Pressure

; Number (A) (mA/cm®) (A-hr) (°c) (psig)

" C-w-16 0.2 1.0 4,65 - 25

' C-W-17 0.2 1.0 4.32 32 8

"

c-w-18 0.2 1.0 5.24 35 10

y Cc-w-19 0.2 1.0 5.18 34 15

) C-W-20 2.0 10.4 3.41 101 142
Cc-w-21 2.0 10.4 3.46 117 -

- Cc-W-22 2.0 10.4 3.78 124 151

. Cc-w-23 2.0 10.4 3.24 115 159

A C-W-24 2.0 10.4 3.23 112 190

; *Cells exhibited no hazardous behavior. Cell C-W-16 was charged 3.57 A-hrs before

N discharge. The pressure was higher at the end of charge. The external temperature

~ was higher in cells C-D-20 and C-D-21., Cell C-D-21 had no pressure transducer.
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During the initial stage of cutting open the cell in an Argon filled dry
box, the cell ignited and burst into flame blowing carbon out through the
punctured hole in the bottom of the cell.

Wet Cells at -12°C

The performance data for the cathode limited wet cells are summarized in
Table 9, and the data are illustrated for cells C-W-25, discharged at 0.2A and
C-W-26, discharged at 2.0A in Figures 24 and 25, respectively.

Gas analysis of these two cells showed only SO, and SOCl,.

As Figure 25 illustrates, a substantial anode polarization occurred during
discharge. This was observed in other cells discharged under these conditionms.
The extent of polarization varied with each cell.

DISCUSSION

Although the cathodes in all cells designed as cathode-limited polarized at
the end of the cells' useful life, substantial anode polarization also
occasionally occurred at higher rates, especially at low temperatures. The
cathode limited cells showed higher levels of heating at the end of discharge
than the cells designed to be anode limited. At -12°C, the cell capacities were
considerably lower, as were the pressure increases. Subtle changes occurred in
the IR spectra of the extracted salts from cells discharged at 20°C and -12°C.

PARTIALLY DISCHARGED AND STORED UNCATALYZED SPIRAL CELLS

Two cells of each of the four types (A-D, A-W, C-D, C-W) of uncatalyzed
spirally wound cells had been stored at ambient temperature for four months
after discharging for 1.0 A-Hr at a 2.0A current. These cells were divided into
two sets containing one of each type. Set one was further discharged and forced
over-discharged. The Li-limited cells were tested at 2,0A and the cathode
limited cells were tested at 3.0A. Discharge data are given in Table 10. No

cells from set one vented. Cells from set two were opened and analyzed without
further discharge.

The partially discharged cells showed very stable open circuit voltages
during storage. However, there were significant changes in internal pressures.
The observed pressures may be slightly off towards the end of cell storage
because the pressure transducer was slowly chemically attacked by S0Cly vapor
during extended storage. Plots of internal cell pressure vs. days of storage
for sets one and two are shown in Figures 26 and 27, respectively.

Analysis of Forced Overdischarged Cells

The Li-limited cells were analyzed after 15 hours of forced overdischarge.
No hazardous behavior was observed during forced overdischarge. IR analysis of
the gases revealed S0 and CO2. The gases were also collected in a liquid

nitrogen cold trap. G.C. analysis of these gases confirmed that COS and SOCl;
were also present.
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TABLE 9. PERFORMANCE OF CATHODE~-LIMITED WET CELLS AT -12°C

Discharge Current Capacity Maximum Maximum

Cell* Current Den31t¥ to 0.0V Te?p. Preagure
Number (A) (mA/cm®) (A-hr) (°c) (psig)
C-w-25 0.2 1.0 3.18 0 -2
C-w-26 2.0 10.4 2.12 80 17
Cc-w-27 2.0 10.4 1.96 54 8
C-w-28 2.0 10.4 2,38 71 13
C-w-29 2.0 10.4 1.98 78 25
C-w-30 2.0 10.4 2.06 88 32

*Cells showed no hazardous behavior. Substantial anode polarization occurred in
some of these cells.
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FIGURE 24. DISCHARGE DATA FOR CELL C-W-25 AT 0.2A AND -12°C
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;2 TABLE 10. PERFORMANCE OF PARTIALLY DISCHARGED AND STORED CELLS DURING

[, FURTHER DISCHARGE AND FORCED OVERDISCHARGE
. Discharge Current Capacity Maximum Maximum¥*#
= Cell Current Densit to 0.0V Temp. Pressure Mid-~discharge
b Number (a) (mA/cm®) (A-hr) (°c) (psig) Voltage (V)
A-D-5-1 2.0 7.9 2.34 67% - 65 2.95
A-W-s-1 2.0 7.9 2.54 60 92 3.05
. c-D-s-1 2.0 10.4 3.47 133 60
3.0 15.6 2.50%*
N C-W-s-1 2.0 10.4 3.45 138 86
\ 3.0 15.6 _ 2.88%%

*External temperature.
**At 3,.0A rate.

. ***Thegse relatively lower internal pressdres seem to indicate that the calibration

" of the pressure transducers has changed due to corrosion during storage.

L*.

b

o

(v

o

4

.-’

. |
- 1

1

, \

&

L d

T

44

.’\,F‘. Y



et I L

L oA gy -

: g5 o

b § L Pl g

bl TN T B T

ALY

AT RTINS

IR L T

NSWC TR 85-98

3NO 135 40 77130 G3YOLS ANV QIDHVHISIA AT1TVILHYY HOJ SIAHND FWIL SA IHNSSIYd 92 IHNOI4

SAVA ‘3WI]
0ct 001 08 09 Oh 0¢

T T T 1 T | 0
o\
o\o o
.\. .
o\\ o.\
\o .o\ ION
s \ooll.oolloollO-ll.o -o\
o\o. ‘.o‘
c.‘.
1saoM30 T
R R
» . 3
.o . A
.. ... m
1-$-a-v 1139 o ) J
/ _ 7 o
) P4
w
SMOT1ID **° * v s e 00’ N ®
\\\
\\ L
-
-
\\
- 08
-
-
LSMvYII30 =
doot
e NI R Al oy M T AARARE " RO, Sy Yy

DR

e
S
-

~

e w - m -

f»‘q“f .‘_\'

% ¥

It L L

2.

W

>

T T T A S LK LN ET R
DR ST A B G4

L
»
-

L

ANCRE

e
BT AT R Y

R AN



el Juat Ml

e

PO IR vkl i Vgl el u

LAy

P s,

AT e R A

Toh Wimaii.

NSWC TR 85-98

OML 13$ 40 $T730 Q3HOLS ANV Q3IDUVHISIA ATTVILHYd HOJ STIAUND INIL SA JHUNSSIHd LZ 3HNOI

SAVA ‘3NWI|
0t 00T 08 09 Oh 74 0

Z-s-0-'v 1130
TSMVIIID -
- - \-. l\
\\c\o‘u.‘.c‘l-o Oc loz
et oAt MRS 25:a-9 1132 .
. L ]
. -
. ®
L ) L4 ¢ ‘
v
o’ <09

TSMIT1N3D o0 ¢ * °

--n.-.nvl-l' Tetetete

91Sd ‘3UNSS3Y




IS B S g BT Sl A i S N ACAIC Sl Phokh Shi oSS Wkt T T A S Pal i et e ivcayie, JRAS IS St S U e - i S e a e S S S S ae aeane -

NSWC TR 85-98

The performance data for the wet Li-limited cell are shown in Figure 28.
The IR spectra of the gases and the extracted salt are shown in Figures 29 and
30, reapectively. For comparison, the performance data for the cathode limited
wet cell is shown in Figure 31. Although this cell showed a much higher
temperature increase at the end of discharge there was only a slight pressure
increase. Again, malfunction of the pressure transducer as a result of extended
storage in contact with SOCl; is indicated. Analysis of the cathode limited
dry and wet cells showed no difference from that discussed earlier.

Analysis of Partially Discharged Cells

After four months of storage, chemical analyses were performed on each type
(A-D, A-W, C-D, C-W) of partially discharged cells. No noticeable differences
in chemistry were detected among the four cells.

The IR spectrum of the gases released from cell A-D-S-2 is shown in Figure
32. The IR spectra of both SOj and COj possess a doublet near 2350 cm L,
The SO doublet is less intense with respect to its peaks at 2550 cm™ 1,
Since these two peaks are of equal intensity, this indicates a substantial
amount of COy has been formed in these cells during storage. G.C. analysis
confirmed the presence of CO; and a trace of COS.

The IR spectrum of the cathode from A-D-S-2 showed no new absorptionms.

The IR spectrum of the salt extracted from cell A-W-S-2 is shown in Figure
33. The spectrum is essentially the same as that obtained from the salts
extracted from the overdischarged cell (Figure 30), indicating storage of
partially discharged cells had little or no effect on these electrolyte soluble
products.

DISCUSSION

IR analysis of extracted salts and cathodes showed the same products in
both the anode or cathode limited stored cells that were either partially
discharged or forced overdischarged. Analysis confirmed that reactions
involving SO, and carbon occur during storage that produce COj and some
COS. Cells that vented during forced overdischarge always produced greater
quantities of these gases.

HIGH RATE DISCHARGE OF SPIRALLY WOUND CELLS

Additional spirally wound cells were discharged and forced overdischarged
at 3.0A at 20°C. The cathode limited cells, which showed the most likelihood of
venting, were tested. The results are summarized in Table 11. None of these
cells vented. A representative discharge curve of cell C-D-33 is shown in
Figure 34.
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TABLE 11. HIGH RATE PERFORMANCE OF UNCATALYZED CATHODE-LIMITED DRY CELLS
_: Discharge Current Capacity Maximum Maximum
o Cell Current Densltz to 0.0V Temp. Pressure Mid-discharge
: Number (A) (mA/cm®) (A-hr) (°c) (psig) Voltage (V)
# C-D-31 3.0 17.2 2.63 140 151 2,80 .
f
) C-D-32 3.0 17.2 2.34 114 115 2.91
c-D-33 3.0 17.2 2.39 137 195 2.88
* 4
27
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FIGURE 34. DISCHARGE DATA FOR CELL C-D-33 AT 3.0A
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DISK ELECTRODE CELLS

The component weights and surface areas of the disk-type cells were
maintained as closely as possible to those of the spirally wound cells in order
to better compare the performance data. In doing this, the selection of the
best cell design and safety were compromised. Of the 24 cells built, only 8
were tested before it became apparent that the selected cell design led to
potential safety hazards. One of the cells vented violently and the additional
tests were discontinued (see Section G).

Eight uncatalyzed disk cells were tested. These are labelled; D-A-D,
Disk-Li-limited-Dry; D-A-W, Disk-Li-limited-Wet; D-C-D, Disk-Cathode-limited-
Dry; and D-C-W, Disk-Cathode-limited-Wet.

The cells were discharged at 20°C., 1In several cells the internal
thermocouple failed. Both of the D-C-W cells discharged at 3.0 and 4.0 amp
rates vented during forced overdischarge without an incidence of explosion.

None of the anode limited cells vented during forced overdischarge, although the
pressure in cell D-A-W~4 reached 328 psig. The data are summarized in Table

12. The discharge data for a cathode limited wet cell discharged at the 4.0A
rate are shown in Figure 35.

REPORT ON A HAZARDOUS EVENT WITH A DISK CELL

Two cathode limited, uncatalyzed, dry electrolyte disk cells were tested.
Cell D-C-D-7 showed the proper open circuit voltage but when a 3.0A current was
applied, the voltage immediately dropped to a negative value. The cell could
not be discharged at 2.0A. At 1.0A, the voltage was -0.2V. The cell was
subsequently left on open circuit, housed still inside the test chamber.

Cell D-C-D-8 showed the same behavior. Despite the proper open circuit
voltage, when 4.0A was applied to the cell, the voltage fell to negative values,
and at 2.0A the potential was -8.0V.

The two cells, still housed in safety test chambers, designed to vent at 50
psig, were taken away from the test station and set aside on the laboratory
bench. About 4.5 to 5.0 hours later, cell D-C-D-8 violently exploded venting
the safety chamber and filling the laboratory with smoke. A visual inspection
showed the cell had split open along the entire length of the wall of the can.
The vent at the bottom was opened but evidently the explosion was too rapid for
it to function properly.

SUMMARY

In an attempt to match the specifications of the spiral cells, the C size
disk electrode cells required very many layers of electrodes. It is suspected
that this choice of cell design may have led to an internal short on some of the
hand assembled cells.
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TABLE 12. PERFORMANCE OF UNCATALYZED DISK ELECTRODE CELLS

Discharge Capacity Maximum Maximum Maximum Mid-
Cell Current to 0.0V Internal External Pressure discharge
< Number (A) (A-hr) Temp. (°C) Temp. (°C) (psig) Voltage (V)

3

D-A-D-1 4.0 2.35 - 110 195 2,80

D-A-W-2 4.0 2.15 126 121 170 2.80

LA NSNS n‘

D-A-D-3 3.0 2.86 155 152 175 2.75
D-A-W-4 3.0 1.74 - 155 328 2.75

D-C-W-5 4.0 2.78 125 121 200 2.90

AR AR

D-C-W-6 3.0 1.59 - 157 - 155 2.73
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CHAPTER 4

SUMMARY AND CONCLUSIONS

Pressure-temperature measurements of spirally wound high rate Li/SOCl;
cells indicated that the actual pressure generated in the cell is much lower
than that calculated on the basis of the discharge reaction,

4Li + 280Cly — 4LiCl + SOy + §

The lower pressure may be due to oge or more of the following effects:
(i) complexation of the S0 by LiAlCly,” (ii) absorption of S02 by
carbon,® and (iii) the presence of a significant amount_of low volatile
(S0)x rather than its decomposition products S and 802.7 Further studies
are required to ascertain the exact mechanism by which the cells maintain lower
internal pressures. It should be noted, however, that were it not for a
built-in SO, scavenging mechanism, the Li/S0C13 cell would produce excessive
internal pressures capable of potential violent venting, especially during early
stages of cell reversal.

The individual electrode potential data indicate that a substantial
fraction of the internal heating at the end of cell life is associated with
cathode polarization. Since Li-limited cells show little or no cathode
polarization towards the end of cell discharge, the temperature and pressure
maxima reached in the Li-limited cell were considerably lower than that in the
cathode-limited cell. The pressure-temperature data obtained from constant
current discharges are more relevant to series connected batteries than single
cells. During a constant load discharge, the current at the end of cell-life
when the cell voltage approaches zero volt would be substantially reduced.
Consequently, the associated internal heating would be significantly less
compared to that in a constant current discharge.

1t was possible to force overdischarge cathode limited cells for extended
periods of time with charge inputs exceeding the amount of Li originally preseat
in the cell. This suggests cell short circuiting accompanying plating of Li
onto the cathode. The short-circuited cell apparently shunts current as if it
were a resistor. The fact that substantial amounts of Li remain on the anode of
an extensively overdischarged cell supports this hypothesis. This situation did
not seem to pose a special safety problem.

None of the Li-limited cells exhibited safety hazards during forced
overdischarge. The Li utilization in the 0.2 to 2.0A current range was
virtually 100 percent in the Li-limited cells. Anode polarizations caused by
poor electrical contact between Li and the current collector grid, as found
previously (3], were not observed, apparently explaining the lack of safety
hazards in this study.
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Anodic polarization was observed at the end-of-life of many cathode-limited
cells. This phenomenon appeared more promounced at high currents and low
temperatures and is not well understood. It may be due to a non-homogeneous
current distribution towards the end of discharge and/or a concentration

polarization arising from crystals of LiCl and/or LiAlCl, forming on the Li
surface.

Li-limited cells also showed an ability to withstand forced overdischarge for -

extended periods of time. This capability may be due to regenerative cell
processes.

ir]

All of the cathode-limited cells also exhibited safe behavior in the 0.2 to
2.0A range of discharge and overdischarge. Even at 3.0A tests most cells exhibited
safe behavior. However, one cell tested at 3.0A vented during forced
overdischarge. The venting, accompanied by a sudden increase in temperature,
occurred without any prior warnings of pressure, temperature or voltage changes.

The self-discharge in 30 percent discharged cells stored for four months at
ambient temperature was virtually undetectable. There was also little new
chemistry identifiable as due to the storage.

[

. The present data appear to corroborate the idea that a safe cell design would
d be Li-limited with provisions for a complete utilization of Li at the end of

N discharge over a wide range of current densities encompassing the use loads of the
battery at various temperature environments. The catalyzed cells discussed in the
- second report in this series seem to provide these advantages.

in Py oo Ty v

LAY

R
2T B R s

N

b §

\ T

'

)

!

o

o LA S S )
NGO ™ W p NI BT P Rl i Ty 5%, T e 5 o R R R R R R IR RL S CLRE CRCR O OF

‘;ﬂ; A _,r‘f_‘)."ynm alal) f,-’:?‘-’":* B NN - S N AT N .,{'..q . RGN AT N Polays XS ."‘



a4

Rt

COR A T,

w— .
‘."l,i_ F N

P NP )

L T - *8
P S )

%

[RENE LS

ety aleT e

¥

APl

s &4

A+,

. )iyjhm N

" Y T w o vy Carnlh o i uidie e RANE el asda Sy e o
B e R e e L L L T LN I R T aTa¥ e Ta e T e e e Ta Fa g o

NSwC TR 85-98

REFERENCES

Lang, M., Backlund, J. R., and Weidner, E. C., "Primary Lithium Cells of High

Energy Density," Proceedings of the 26th Power Sources Symposium, Atlantic
City, NJ, 1974, p. 37.

Attia, A. I., Gabriel, K. A., and Burns, R. P., "Investigation of
Lithium-Thionyl Chloride Battery Safety Hazards," NSWC Report Number 838-012,
Jan 1983,

Abraham, K. M., Gudrais, P. G., Holleck, G. L., and Brummer, S. B., "Safety
Aspects of Li/SOCly Batteries," Proceedings of the 28th Power Sources
Symposium, Atlantic City, NJ, 1977, p. 255.

McDonald, R. C., Dampier, F. W., Wang, P., and Bennet, J. W., "Investigation
of Lithium Thionyl Chloride Battery Safety Hazards," Final Technical Report to
NSWC #N60921-81-R-0190, Jan 1983.

Bedfer, Y., Corset, J., Dhamelincourt, M. C., and Wallart, F., J. Power

Sources, 9, 1983, p. 267.

Clark, W., Dampier, F., Lombardi, L., and Cole, T., Air Force Report No.
AFWAL-TR-83-2083, Dec 1983.

Dey, A. N., J. Power Sources, 5, 1980, p. 57 .

Abraham, K. M. and Mank, P. M., J. Electrochem. Soc., 127, 1980, p. 2091.

61




LT R BN

O teiece

Pea s dpdd

etV 0 B

DY

d
otate’s

K AW

.
Tt %

{

LIECIRLI P TN

7

AMTFLAL WS |

"\

“-‘.

G 1 ",~‘

%, L0 L

e Y A ptia "Ry Y- A e SRR J ANl SNAE AR IS Pl N R S T R R St

NSWC TR 85-98

Defense Technical Information Center

Cameron Station
Alexandria, VA 22314

Defense Nuclear Agency
Attn: Library
Washington, DC 20301

Institute for Defense Analyses
R&E Support Division

400 Army-Navy Drive

Arlington, VA 22202

Naval Material Command
Attn: Code 08T223
Washington, DC 20360

Office of Naval Research

Attn: G. Neece (Code ONR 413)
J. Smith (Code ONR 413)
D. Siegel (Code ONR 251)

800 N. Quincy Street

Arlington, VA 22217

Naval Research Laboratory

Attn: A. Simon (Code NRL 6130)
R. Nowak (Code 6130)

4555 Overlook Avenue, S.W.

Chemistry Division

Washington, DC 20375

Naval Postgraduate School
Attn: Dr, Oscar Biblarz
Monterey, CA 93940

Naval Air Systems Command
Attn: Dr. H. Rosenwasser
(Code NAVAIR 301C)
Nebus
(Code NAVAIR 5332)

P.L. Susha

(PMA 264)

Washington, DC 20361

E.

AL Ay

T A .
-\ V"-"‘J‘I

e

akon

DISTRIBUTION
Copies
Naval Electronic Systems Command
Attn: A. H. Sobel
12 (Code PME 124-31)
E. LaNier
(PDE 107-5)
2 Washington, DC 20360
Naval Sea Systems Command
Attn: F. Romano (Code 63R3)
E. Anderson (Code 56233)
E. Daugherty (Code 06H3)
1 J. Pastine (Code O06R)
H. Holter (SEA-06H3)
Washington, DC 20362
1
Strategic Systems Project Office
Attn: K. N. Boley (Code NSP 2721)
M. Meserole (Code NSP 2722)
1 Department of the Navy
1 Washington, DC 20360
1
Naval Air Development Center
Attn: J. Segrest (Code 6012)
R. Schwartz (Code 30412)
L. B. Hanson (Code 3042)
1 Warminster, PA 18974
1
Naval Intelligence Support Center
Attn: Dr. H. Ruskie (Code 362)

(1)

“u‘.. 3

Q;g.

, -.' }2‘;{\'\' N '\'\ % *'\n ~."

Washington, DC 20390

Naval Ocean Systems Center

Attn: J. F. McCartney (Code 7121)
Dr. S. Szpak (Code 6343)
W. J. Sturgeon (Code 6343)
L. Johnson (Code 6343)

San Diego, CA 92152

U. S. Development and Readiness
Command

Attn: J. W. Crellin (Code DRCDE-L)

5001 Eisenhower Avenue

Alexandria, VA 22333

-«

v -\.

.»x

Copies

- bttt

ot

—

P et s

ML LT W 7o » ‘I;—:T'




T N N R R o T T oy T S e T s T N T R R T s T R T T e A

—r. 5

NSWC TR 85-98
DISTRIBUTION (Cont.)

LU LI S S

Copies Copies
Army Material and Mechanical NASA Lewis Research Center
: Research Center Attn: J. S. Fordyce
-; Attn: J. J. DeMarco 1 (Code MS 309-1) 1
) Watertown, MA 01272 : M. Reid 1 .
s 2100 Brookpark Road
by USA Mobility Equipment Cleveland, OH 44135
R and D Command
" Attn: J. Sullivan (Code DRXFB) 1 Naval Electronic Systems Command
f Code DRME-EC Attn: T. Sliwa
2 Electrochemical Division (Code NAVELEX-01K) 1
y Fort Belvoir, VA 22060 Washington, DC 20360
Edgewood Arsenal Naval Weapons Center
N Attn: Library 1 Attn: Dr. E. Royce (Code 38) 1
. Aberdeen Proving Ground Dr. A. Fletcher (Code 3852) 1
R Aberdeen, MD 21010 China Lake, CA 93555
' Picatinny Arsenal Naval Weapons Support Center
Attn: Dr. B. Werbel Attn: M. Robertson (Code 305) 1
e (Code SAROA-FR-E-L-C) 1 D. Mains 1
X A. E. Magistro S. Shuler (Code 3054) 1
. (Code SARPA-ND-D-B) 1 Electrochemical Power Sources
! U. S. Army Division
Dover, NJ 07801 Crane, IN 47522
) Harry Diamond Laboratories Naval Coastal Systems Center
3 Attn: J. T. Nelson Attn: Library 1
- (Code DELHD-DE-OP) . 1 Panama City, FL 32407
- Department of Army Material
« Chief, Power Supply Branch Naval Underwater Systems Center
2800 Powder Mill Road Attn: J. Moden (Code SB332) 1
~ Adelphi, MD 20783 Newport, RI 02840
) Headquarters, Department of David W. Taylor Naval Ship
A Transportation R & D Center
g Attn: R. Potter Annapolis Laboratory 1
(Code GEOE-3/61) 1  Annapolis, MD 21402 .
- U. S. Coast Guard, Ocean
9 Engineering Division Air Force Wright Aeronautical Labs
Z Washington, DC 20590 Aero Propulsion Laboratory, POOC .
3 Attn: W. S. Bishop
. NASA Headquarters (Code AFAPL/POE-1) 1
Attn: Dr. J. H. Ambrus 1 R. Marsh
) Washington, DC 20546 (Code AFWAL-P0OC-1) 1
S Wright-Patterson AFB, OH 45433
4 Air Force Rocket Propulsion
v Laboratory
Attn: LT. D. Ferguson
. (Code MKPA) 1
; Edwards Air Force Base, CA 93523
)
(2)
(]

R e AL




R TP0 S &

B

3

-

ORI e . Lt 0y A O W derwt oo oL e P il b S oy

NSWC TR 85-98

DISTRIBUTION (Cont.)

Headquarters, Air Force Special

Air Force of Scientific Research

L& Communications Center Attn: Directorate of Chemical
3 Attn: Library Science

USAFSS 1400 Wilson Boulevard
} San Antonio, TX 78243 Arlington, VA 22209
s

Office of Chief of Research Frank J. Seiler Research
- and Development Laboratory, AFSC
& Department of the Army USAF Academy, CO 80840
- Attn: Dr. S. J. Magram
g Energy Conversion Branch Department National Defense
- Room 410, Highland Building Attn: Library

Washington, DC 20315 Defense Research Establishment
. Ottawa
. U.S. Army Research Office Ottawa, Ontario KIA 0Z4
x Attn: B. F. Spielvogel Canada
s P.0. Box 12211
[ Research Triangle Park, NC 27709 NASA Johnson Space Center

Attn: Bob Bragg/EPS
: NASA Scientific and Technical Houston, TX 77058
- Information Facility
" Attn: Library Department of National Defense
o P.0O. Box 33 Defense Research Establishment
5 College Park, MD 20740 Ottawa
, Attn: W. Adams

o National Bureau of Standards G. Donaldson
. Metallurgy Division - Ottawa, Ontario KI1A 0z4
N Inorganic Materials Division Canada
- Washington, DC 20234
X ’ Library of Congress

U. S. Army Electronics Command Attn: Gift and Exchange Division
o Attn: A, J. Legath Washington, DC 20540
¥ (Code DRSEL-TL-P)
: E. Brooks ‘Office of Naval Technology
" (Code DRSEL-TL-PD) Attn: A. J. Faulstich (MAT072) 1
. G. DiMasi 1 G. Spaulding (MAT072)
_ Dr. W. K. Behl 1 800 N. Quincy Street
- Dr. Sol Gilman Arlington, VA 22217
5 (Code DELET-PR) 1
. C. Berger 1 Central Intelligence Agency
} M. Salomon 1 Attn: OTS (C. Scuilla)
. E. Reiss 1 (T. Mahy)

Fort Monmouth, NJ 07703 Washington, DC 20505
- Scientific Advisor ARDC
3 Attn: Code AX Attn: D. Yedwab
2 Commandant of the Marine Corps LOWSL~LCN

Washington, DC 20380 Bldg. 61 South

Dover, NJ 07801

:
*
»
r. (3)
A
Q
i 3 T

Ly K %

PO SERTIEL R DA ARSI S AL WA T AT AR R TRy PRl S SO IS P
S e N I ey T N N s S T o Lt




-

St i 4

[T A V02" ¢ K]

A RO LR

N A

NN

D NE SR VTS

[l A ol i S

»

AT ORI

b Sy i Fog Ty X Vo W ak. Yl Wh ¥,

NSWC TR 85-98

DISTRIBUTION (Cont.)

HQ, U. S. Marine Corps
Washington, DC 20380

Missile Systems Safety
Attn: Kenn Hill (ESMC/SEM)
Patrick AFB, FL 32925

California Institute of Technology
Attn: Library
B. Carter
R. Somoano
H. Frank
S. Yen
G. Halpert
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91109

Johns Hopkins Applied Physics

Laboratory
Attn: Library
M. Uy

Howard County
Johns Hopkins Road
Laurel, MD 20810

University of Tennessee
Attn: G. Mamantov
Department of Chemistry
Knoxville, TN 37916

Applied Research Laboratory
Attn: Library

Penn State University
University Park, PA 16802

University of Illinois at Chicago
Department of Chemistry

Attn: Dr. R. Burmns

Chicago, IL 60680

Tel-Aviv University
Attn: E. Peled
Department of Chemistry
Tel Aviv, Israel 69978

University of California
Attn: Dr, R. A, Huggins
Dept. Material Science & Engr.
Stanford, CA 94305

b YR e s LY ‘\",'-',,\". s

.‘t ,",Q,'.

Copies

TR TN

U. S. Naval Academy

1 Attn: Dr. G. T. Cheek
Chemistry Department
Annapolis, MD 21402

1 University of Wisconsin-Milwaukee

Attn: Dr. D. Bennett
Chemistry Department

3210 N. Cramer St.
Milwaukee, Wisconsin 53201

State University of New York
Department of Chemistry
Attn: Dr. R. A. Osteryoung
Buffalo, NY 14214

P b et bt

Brookhaven National Laboratory
Attn: J. Sutherland

Building 815

Upton, NY 11973

1 Argonne National Laboratory
1 Attn: Dr. E. C. Gay
9700 South Cass Avenue
Argonne, IL 60439

Lawrence Berkeley Laboratory
Attn: F. McLamore

1 University of California
Berkeley, CA 94720

Oak Ridge National Laboratory
Attn: K. Braunstein
1  Oak Ridge, TN 37830

Sandia Laboratories
Attn: Sam Levy (Mail Services
Section 3154-3)
J. T. Cutchen
1 P.0. Box 5800
Albuquerque, NM 87715

Union Carbide Corporation
1 Battery Products Division
Attn: G. E. Blomgren
P.0. Box 45035
Westlake, OH 44145

(4)

- g W

- """u’\ "
A" LLAN W AR,

‘-"f W) :
'? L

Cogies

N el «“\r ""

\*q LA




g Ve RS

L ra-ly By 8 9

p M A o,

Pallak
AL S AN

o
)
he 8 00T

3 "l - »

)l
AMXE

Vgt

- -'..
b

ETal e XK

Wilson Greatbatch LTD.
Attn: Library

R. M. Carey

C. Holmes

P. Keister
1000 Wehrle Drive
Clarence, NY 14030

Yardney Electric Corporation
Attn: Library

82 Mechanic Street
Pawcatuck, CT 02891

Honeywell Corporate Technology
Center

Attn: H. V. Venkatasetty

10701 Lyndale Ave. So.,

Bloomington, MN 55420

Honeywell Inc.

Mat & Process Eng.
K. Y. Kim MN11-1812
600 2nd St. N.E.
Hopkins, MN 55343

The Aerospace Corporation

Attn: Harlan Bittner
Albert Heller

P.0. Box 92957

Los Angeles, CA 90009

Honeywell Power Sources Center
Attn: Dr. D. L. Chua
N. Doddapaneni
104 Rock Road
Horsham, PA 19044

Battelle Memorial Institute

Defense Metals & Ceramics
Information Center

505 King Avenue

Columbus, OH 43201

Bell Laboratories

Attn: Dr. J. J. Auborn
600 Mountain Avenue
Murray Hill, NJ 07974

Callery Chemical Company
Attn: Library
Callery, PA 16024

DA o e B W e A g e

R R S TSPy
".,‘\S fo"ﬁ' ‘ “.. " .’Q‘._.'f‘ .H .

e M L P

o Pl g i NEg W - » p Ty g K- S T v

NSWC TR 85-98
DISTRIBUTION (Cont.)

Copies

- e

(5)

N NS NATE
AN "'.'" ot e AR

Rockwell International

Attn: Dr. Samuel J. Yosim
Atomics International Division
8900 DeSoto Avenue

Canoga Park, CA 91304

EDO Corporation

Attn: E. P. DiGiannantonio
Government Products Division
2001 Jefferson Davis Highway
Arlington, VA 22202

Globe Union, Inc. .
Attn: Dr. R. A. Rizzo
5757 N. Green Bay Avenue
Milwaukee, WI 53201

University of Missouri, Rolla
Attn: Dr. J. M. Marchello
210 Parker Hall

Rolla, MO 65401

RAI Research Corporation
Attn: Dr. Carl Perini
225 Marcus Boulevard
Hauppauge, NY 11787

Copies

Hellesens Battery Engineering, Inc.

Attn: Dr. N. Marincic
1636 Hyde Park Ave.
Hyde Park, MA 02136

RAY-0-VAC
Attn: R. Udell
N. Fleischer

630 Forward Drive
Madison, WI 53711

Litton Data Systems Division
Attn: Frank Halula, MS 64-61
8000 Woodley Avenue
Van Nuys, CA 91409

TRW Systems
Attn: I. J. Groce
G. L. Juvinal
Ed Moon, Rm. 2251,
Bldg. 01
One Space Park
Redondo Beach, CA 90278

AN -‘é‘-‘&: :-%3.$¢\f:

Sk



K
,
3

Ch oot o B S S AN R R W ... *

L% s

A

LALNL

N L

.

AT

ala

K5

LT V. 0.0

. ALTUS Corporation
Attn: Dr, Adrian E. Zolla,
Dr. J. R. Driscoll,
Library
1610 Crane Court
San Jose, CA "95112

Hyde Park Estates
Attn: Dr. P. Bro
Santa Fe, NM 87501

Catalyst Research Corporation

Attn: G. Bowser
J. Joelson
A. Schneider
1421 Clarkview Road

Baltimore, MD 21209

ESB Research Center
Attn: Library

19 W. College Avenue
Yardley, PA 19067

EIC Corporation
Attn: G, L. Holleck
S. B. Brummer
K. M. Abraham
111 Downey Street
Norwood, MA 02062

Eagle-Picher Industries, Inc.

Attn: Robert L. Higgins
J. Dines

L. R. Erisman
Electronics Division
P.0. Box 47

Joplin, MO 64802

Foote Mineral Company

Attn: H. R. Grady
Exton, PA 19341

Gould, Inc.

Attn: S, S. Nielsen

40 Gould Center

Rolling Meadows, IL 60008

ik A o

3 %nﬂ", ‘i‘,

pat e A Lte iRy §

PPERT S AL D 5 (] O

NSWC TR 85-98
DISTRIBUTION (Cont.)

Copies

1
1
1

-

e

—

(6)

TP .t T Y e
A \1:?,:{_; QT
£ YN MR, 3

GT & E Laboratory
Attn: R. McDonald
' F. Dampier
K. Kliendienst
W. Clark
40 Sylvan Rd.
Waltham, MA 02254

Hughes Aircraft Company
Attn: Dr..L, H., Fentnor
Aerospace Groups
Missile Systems Group

Tucson Engineering Laboratory

Tucson, AZ 85734

Lockheed Missiles and Space
Company, Inc.

Attn: Library

Lockheed Palo Alto Research
Laboratory

3251 Hanover Street

Palo Alto, CA 94304

Duracell Int., Inc.
Attn: B. McDonald
Battery Division
South Broadway
Tarrytown, NY 10591

Duracell Int., Inc.
Attn: W. Bowden

A. N. Dey

F. Parsons

Library

C. Schlaikjer
Duracell Research Center
37 A Street
Needham, MA 02194

Boeing Aerospace Co.
Attn: S. Gross ’
C. Johnson
P.0. Box 3999
Seattle, WA 98124

Electrochimica Corporation
Attn: M. Eisenberg
2485 Charleston Rd.
Mt. View, CA 94040

S SRS N LA QR

=t b et i

e et et s

o A . v - B2 -y w -
«® e * e et LG '

RN



LN

o™ $d e L M

o I8 0 R A L]

TRt

DR

-
]

4 a"ea"a"a" 02

>
..

- Y

| WA

LAY

H

o
:
,

s

AT USRI N o (R O SIS DRV TR N P 0

Etron Research

Attn: T. Sammells
710 East Ogden Ave.
Naperville, IL 60540

Saft America, Inc.
Attn: Dr. R. J. Staniewicz
Dr. K. Press
Dr. G. Allvey
107 Beaver Court
Cockeysville, MD 21030

Cordis Corporation
Attn: W. K. Jones
P.0. Box 525700
Miami, FL 33152

Tadiran
Attn: M. Babai
P.0. Box 75

Rehouot, Israel

Power Conversion, Inc.
Attn: Dr. T. Reddy
495 Boulevard

Elmwood Park, NJ 07407

Covalent Associates, Inc.
Attn: Dr. V. Koch

P.0. Box 3129

Saxonville Station
Framingham, MA 01701

Activair-A Division of
Duracell, Inc.

Attn: Dr. A. Attia

2777 Eagandale Boulevard

Eagan, MN 55121

NSWC TR 85-98
DISTRIBUTION (Comt.)

Copies

— -

¢))

Moli Energy Limited

Attn: Dr. J. A. Stiles

4010 Myrtle Street

Burnaby, B.C. V5C 4G2
Canada

ECO

Energy Conversion
Attn: Dr. F. M. Walsh
225 Needham Street
Newton, MA 02164

Ansum Enterprises, Inc.
Attn: Dr. S. P, Wolsky
950 DeSoto Rd.

Boca Raton, FL 33432

Advanced Battevy Group
Attn: Dr. R. M. Murphy
269 Westwood Rd.

Lancaster, NY 14086

Medtronics, Inc.
Attn: Dr. B. Owens

Dr. D. Untereker
6700 Shingle Creek Pkwy
Brooklyn Center, MN 55430

ELTECH Systems Corp.

Attn: D. E. Harney

Research and Development Center
625 East Street

Fairport Harbor, Ohio 44077

Internal Distribution:
E231

E232

R33 (W. Kilroy)

Copies




X

=

O Py

v
- ‘.‘.

T

S

LR -
ol Jegtals®

e

» A TE.‘:'_‘...I.. -

4
4

9-85




